Twitching motility-mediated biofilm expansion occurs via coordinated, multi-cellular 2 collective behaviour to allow bacteria to actively expand across surfaces. Type-IV pili (T4P) 3 are cell-associated virulence factors which mediate this expansion via rounds of extension, 4 surface attachment and retraction. The Chp chemosensory system is thought to respond to 5 environmental signals to regulate the biogenesis, assembly and twitching motility function of 6
motility in response to specific external stimuli. The periplasmic domain of PilJ has however 1 been shown to sense conformational changes in PilA, the T4P monomer unit, when the pilus 2 is undergoing active extension, surface attachment and retraction (18) . Furthermore, PilJ has 3 been shown to interact with FimS (19), which is part of the two-component sensor 4 FimS/AlgR that is involved in expression of fimU-pilVWXY1Y2E required for T4P biogenesis 5 and assembly (5, 20) . 6 In addition to its role in controlling twitching motility, the Chp system also positively 7 regulates intracellular levels of the second messenger, 3'-5'-cyclic adenosine monophosphate 8 (cAMP) via the major adenylate cyclase, CyaB, which synthesises cAMP (21). The global 9 regulator Vfr binds cAMP and activates expression of a number of genes required for T4P 10 biogenesis (22, 23) . The ability of PilJ to sense retracted T4P monomer has been shown to be 11 required for modulation of intracellular cAMP levels (18) . 12 FimL has also been linked to the Chp system-cAMP-T4P regulatory pathway in P. 13 aeruginosa. Our previous work demonstrated that this protein is necessary for twitching 14 motility, and while fimL mutants have wildtype levels of intracellular T4P, surface associated 15 T4P levels are decreased (24). In addition to the role of FimL in twitching motility, it has also 16 been shown to involved in autolysis (24). More recent work by us and others has revealed 17 that compensatory mutations in the cAMP phosphodiesterase cpdA (which breaks down 18 cAMP) results in increased cAMP levels, restoring twitching motility in fimL mutants 19 (25,26). Since this compensatory mutation in cpdA restores the twitching motility phenotype, 20 FimL is likely to directly target CyaB activity, and not be involved in T4P biogenesis or 21 assembly. 22 We have previously investigated the twitching motility response of P. aeruginosa to 23 serum albumin (in the form of BSA), mucin and oligopeptides (in the form of tryptone) and base media supplemented with BSA (0.1% (w/v)), mucin (0.05% (w/v)) or tryptone (3% 1 (w/v)). ELISAs of cells harvested from tryptone plates were treated with 100 Kunitz units/mL 2 DNaseI (D5025, Sigma Aldrich) for 1 hr statically at 37 ºC, then washed three times with 3 PBS, prior to use in the assay. 
Results

6
ChpC is involved in the twitching motility response of P. aeruginosa to BSA, mucin and 7 tryptone 8 BSA, mucin and tryptone have previously been shown to stimulate P. aeruginosa 9 twitching motility-mediated interstitial biofilm expansion with the effect of mucin and 10 tryptone, but not BSA, being regulated to some extent by FimX (27). However, as some 11 stimulation of a fimX mutant is still observed, this suggests that other components must also 12 be involved in mediating the twitching motility response to these host-derived signals. The P. 13 aeruginosa Chp system is a putative chemosensory system that may regulate twitching 14 motility in response to environmental signals through MCPs that intersect into the system via 15 the second CheW homolog, ChpC (14) . We were therefore interested in investigating the role 16 of ChpC in controlling twitching motility in response to BSA, mucin and tryptone, to 17 determine if this pathway plays a role in controlling twitching motility in response to these 18 environmental cues.
19
To investigate the role of ChpC in stimulating twitching motility in response to BSA, 20 mucin or tryptone, we first generated in-frame deletion mutants of chpC in P. aeruginosa 21 strains PAK and PA14 and transformed the wildtype and isogenic ΔchpC strains with the 22 chpC complementation palsmid (pUCPchpC) and empty vector control (pUCPSK).
23
Interstitial biofilm expansion assays were then performed with these strains in base media 24 agar or base media agar supplemented with BSA, mucin or tryptone. In both PAK and PA14, twitching motility-mediated interstitial biofilm expansion was significantly increased in the 1 presence of BSA, mucin and tryptone compared to base media ( Figure 1A-B ). This 2 corresponded to a relative change in the area of the interstitial biofilm for PAK of approx. 5-3 fold for BSA and mucin and approx. 8-fold for tryptone compared to base media ( Figure 1A ), 4 whereas due to the impact of larger interstitial biofilms on base media, PA14 showed smaller 5 relative changes in the area of interstitial biofilm of approx. 2-fold for BSA, mucin and 6 tryptone compared to base media ( Figure 1B ). Interestingly, while there was still some 7 stimulation of twitching motility for PAKΔchpC on BSA, mucin and tryptone compared to 8 base media (approx. 3-fold on BSA and mucin and approx. 4-fold on tryptone ( Figure 1A) ), 9 there was no stimulation of PA14ΔchpC on BSA, mucin or tryptone compared to based 10 media ( Figure 1B ). In both PAK and PA14 the mutation in chpC was fully complemented by 11 expression of ChpC in trans ( Figure 1A-B ). To determine whether the observed stimulation 12 of twitching motility-mediated biofilm expansion in these strains on BSA, mucin and 13 tryptone was due to an increase in growth rate, growth assays were conducted in base media, 14 or base media supplemented with BSA, mucin and tryptone. These growth curves revealed 15 that BSA, mucin and tryptone did not affect the growth of the wildtype or its isogenic ΔchpC 16 strain in either PAK or PA14 ( Supplementary Figure 1) . 17 These results demonstrate that ChpC contributes to the twitching motility response of 18 P. aeruginosa to BSA, mucin and tryptone to varying extents depending on the strain 19 background. We went on to further characterise how P. aeruginosa responds to these 20 environmental signals.
22
The effect of BSA, mucin and tryptone on PilA and cAMP levels 23 Twitching motility levels can be affected by changes in expression of the T4P 24 monomer subunit, PilA, and/or alterations in the rates of biogenesis/retraction of surface-assembled T4P. To determine if the mechanism of ChpC-mediated stimulation of twitching 1 motility in response to BSA, mucin and tryptone involved changes in expression and/or 2 assembly of the T4P, we performed ELISAs to measure levels of surface-assembled T4P and 3 immunoblots to measure levels of the T4P subunit PilA in whole cells harvested from 4 confluent lawns of PAK and PAKΔchpC grown on base media, or base media supplemented 5 with BSA, mucin or tryptone. The ELISAs demonstrated that both PAK and PAKΔchpC 6 grown on BSA and mucin had marginally increased levels of surface-assembled T4P 7 compared to when grown on base media (Figure 2A , Supplementary Figure 2 ). We observed 8 a significant amount of autolysis in the confluent lawns of cells cultured on tryptone as has 9 been previously reported (24) and ELISAs of cells harvested directly from the tryptone plates 10 were unable to detect any surface PilA in either strain, which suggested that there may be 11 excessive amounts of extracellular DNA (eDNA) present. To remove this eDNA, cells were 12 harvested from both base media and tryptone plates, treated with DNaseI and then washed in 13 PBS, prior to use in the ELISA. This allowed detection of surface-assembled T4P in these 14 cells and revealed that both PAK and PAKΔchpC cells grown in the presence of tryptone had 15 2 to 3-fold higher levels of surface-assembled T4P than cells cultured on base media ( Figure   16 2A, Supplementary Figure 2 ). Whole cell immunoblots demonstrated that there were no 17 changes in PilA expression levels for wildtype or PAKΔchpC when grown on base media, or 18 base media supplemented with BSA, mucin or tryptone ( Figure 2B ).
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The P. aeruginosa Chp system has been shown to positively regulate cAMP levels via 20 CyaB to increase levels of surface-assembled T4P (21). To investigate the involvement of 21 cAMP in the twitching motility response of P. aeruginosa to BSA, mucin and tryptone, 22 intracellular cAMP levels were measured in cells harvested from confluent lawns of PAK and 23 PAKΔchpC grown on base media, or base media supplemented with BSA, mucin or tryptone.
24
For both PAK and PAKΔchpC cAMP levels were marginally increased on BSA and mucin and 2 to 3-fold on tryptone ( Figure 2C ), which reflects the changes in surface-assembled pili motility in either strain and repressed rather than stimulated twitching motility in PAK 1 ( Figure 3A ), which suggests that amino acids are not the smaller component of BSA, mucin 2 and tryptone that is sensed by P. aeruginosa to stimulate twitching motility. 3 Mucin is a highly glycosylated glycoprotein with up to 90% of its molecular weight 4 due to O-and N-linked oligosaccharides. As N-acetylglucosamine (GlcNAc) is a common 5 sidechain of mucin we were interested in determining if GlcNAc might stimulate P. 6 aeruginosa twitching motility. As GlcNAc is present in CF sputum at mM concentrations 7 (29) we therefore tested the twitching motility response of PAK and PA14 at a GlcNAc 8 concentration within this range (50 mM). Whilst there was no significant increase in PAK 9 twitching motility in GlcNAc compared to base media ( Figure 3B ), PA14 was significantly 10 stimulated by GlcNAc resulting in an approx. 2-fold increase in interstitial biofilm area 11 relative to base media ( Figure 3B ). Growth assays with strain PA14 in media supplemented 12 with GlcNAc confirmed that the observed stimulation of twitching motility was not simply 13 due to an increased growth rate, as cells grew at the same rate in base media as in base media 14 supplemented with GlcNAc (Supplementary Figure 1E) . As ChpC appears to be necessary 15 for the twitching motility response to mucin in strain PA14 (Figure 1) , we examined the 16 twitching motility response of PA14ΔchpC to GlcNAc and found that PA14ΔchpC was 17 stimulated by GlcNAc to the same extent as wildtype PA14 ( Figure 3B ). This indicates that 18 while twitching motility of P. aeruginosa is stimulated by GlcNAc in strain PA14, this is not 19 the component of mucin that is being sensed to modulate twitching motility via ChpC. In the study we have investigated the twitching motility response of P. aeruginosa to 23 the host-derived signals serum albumin (in the form of BSA), mucin, and oligopeptides (in 24 the form of tryptone). We found that each of these stimulate twitching motility-mediated biofilm expansion and increase the levels of surface-assembled T4P and intracellular cAMP 1 to varying extents. Interestingly, our observations indicate that there is not a direct 2 relationship between the levels of surface assembled T4P, cAMP and rates of interstitial 3 biofilm expansion. We also determined that the Chp chemosensory system appears to be 4 involved in regulating twitching motility-mediated interstitial biofilm expansion in response 5 to these signals and that this occurs, at least in part, via ChpC. However, stimulation of T4P 6 and cAMP levels in response to mucin, BSA and tryptone is independent of ChpC.
7
In the current study we show that both P. aeruginosa strains PAK and PA14 are 8 stimulated by BSA, mucin and tryptone but that the degree of this stimulation and the 9 involvement of ChpC in this response varies (Figure 1 ). This is unsurprising considering the 10 large amount of anecdotal evidence for phenotypic variation between P. aeruginosa 11 laboratory strains. For PA14 it appears that the response to these signals is fed solely through 12 the Chp system via ChpC, since there were no differences in the amount of twitching motility 13 of PA14ΔchpC on base media compared to any of the supplements ( Figure 1B) . In contrast, 14 we found that twitching motility in PAKΔchpC is still stimulated to some extent by these 15 signals ( Figure 1A) , which suggests the response is fed through the Chp system via ChpC and 16 another component(s) in PAK. This is possibly through the other Chp system-associated 17 CheW-adapter, PilI. However, given that mixing of MCP and CheW proteins has been shown 18 to occur in chemosensory systems in other bacteria (40), it is also possible that another CheW Overall, the observations presented here add to our understanding of how P. 10 aeruginosa responds to a number of relevant host-derived signals to modulate twitching 11 motility. As P. aeruginosa possesses a large number of regulatory systems that intersect to 12 control the biogenesis and function of T4P and twitching motility (54), it is clear that the 13 regulation of twitching motility is indeed complex. However, in most cases, it has not yet 14 been determined which signals modulate the various regulatory pathways to co-ordinate 15 twitching motility. While this adds an additional level of complexity, this will allow us to 16 develop a more complete understanding of how twitching motility is regulated in infection 17 and environmental settings. replicates. The data are presented as mean ± SEM. Equal cell numbers were loaded. 
